Recent reports have demonstrated an immunomodulating activity of dehydroepiandrosterone (DHEA) different from that described for glucocorticoids. The present study was designed to test DHEA's activity in endotoxic shock and to investigate its effect on endotoxin-induced production of tumor necrosis factor (TNF).
from 95 to 24% by treatment with a single dose of DHEA, given 5 min before LPS. LPS administration resulted in high levels of TNF, a response that was significantly blocked by DHEA, both in vivo and in vitro. DHEA treatment also reduced LPS-induced increments in serum corticosterone levels, a parameter considered not to be mediated by TNF. In another experimental model, mice sensitized with D-galactosamine, followed by administration of recombinant human TNF, were subjected to 89% mortality rate, which was reduced to 55% in DHEA-treated mice. These data show that DHEA protects mice from endotoxin lethality. The protective effect is probably mediated by reduction of TNF production as well as by effecting both TNF-induced and non-TNF-induced phenomena.
Dehydroepiandrosterone (DHEA) is an abundantly secreted, weak androgenic, adrenocortical steroid hormone that is an intermediate in the biosynthesis of other hormones including testosterone and estradiol-171. Concentrations of DHEA in plasma gradually decline after the third decade of life, reaching 10 to 20% of the peak level in the e!derly (20, 24) .
The precise biological functions of DHEA are uncertain. A growing body of evidence, both experimental and epidemiological, suggests an inverse relationship between low levels of DHEA in serum and morbidity from atherosclerotic cardiovascular disease (1, 9) , cancer (10, 11, 26) and human immunodeficiency virus (HIV) infection (31) . Moreover, low levels of DHEA were found to be independently predictive of death from any cause (1) .
Recent reports proposed an immunomodulating activity of DHEA. It was found to prevent dexamethasone-induced thymic involution in mice (19) , increase interleukin-2 production both in vitro and in vivo (6) , and prevent the development of systemic lupus erythematosus in a mouse model (18) . Lymphopoiesis, but not myelopoiesis or erythropoiesis, was inhibited in irradiated mice fed with DHEA (28, 29) . Although lacking an in vitro antiviral activity, DHEA was effective in protecting mice from a variety of lethal viral infections (2, 17) .
During the course of gram-negative infections, bacterial cell wall products, such as endotoxin (lipopolysaccharide [LPS]), are released, inducing intense pathophysiologic alterations (22) . It is not LPS alone that causes the damage, but rather the host response, which may be described as an "overshoot" of the immune system. One of the major responses to LPS in vivo is the rapid production and secretion of cytokines, the soluble mediators of inflammation, like tumor necrosis factor (TNF) (3, 5) .
LPS toxicity can be reduced by administration of potent immunosuppresive glucocorticoids (GC) (12) which inhibit * Corresponding author.
the production of TNF and other cytokines if given prior to the LPS challenge (4, 33) . Steroid hormones other than GC such as sex steroids (17-13 estradiol and 5-a dihydrotestosterone) and mineralocorticoids (aldosterone and 11-deoxycorticosterone) were found ineffective in suppressing TNF production after LPS challenge (34) .
This study examined the effect of DHEA on LPS toxicity. DHEA protected mice challenged with a lethal dose of LPS and was effective in reducing TNF response to LPS and protecting mice from TNF toxicity.
MATERIALS AND METHODS
Mice. CD-1 female mice (Charles River, London, United Kingdom) were used at 4 to 6 weeks of age. In all experiments mice of the same batch and age were compared.
High-dose endotoxin shock model. A lethal dose (800 ,ug per mouse) of LPS (lipopolysaccharide W, Escherichia coli 055:B5; Difco Laboratories, Detroit, Mich. was diluted in pyrogen-free saline and given intraperitoneally (i.p.). DHEA (Sigma) was diluted in 2.5% alcohol in 10% rabbit serum in saline containing penicillin to designated concentrations, and 0.5 ml was injected i.p. Control animals received only the diluent at the same times. Mice were observed daily for mortality for 10 days.
Sensitization with D-Gal. Mice were sensitized by i.p. injection of 18 mg of D-galactosamine (D-Gal; Sigma) diluted in pyrogen-free saline. Immediately after, mice were given 1.5 p,g of recombinant human TNF (Genentech). DHEA (2 mg per mouse) was injected 1 h before challenge with TNF-D-Gal.
Peritoneal cells. Cells were obtained by peritoneal lavage of mice given 1 ml of 4% thioglycolate i.p. 4 days previously, by using cold pyrogen-free saline containing 1 U of heparin per ml and 5 p,g of polymyxin B (Sigma) per ml. Cells were suspended in 10% fetal calf serum in endotoxin-free RPMI 1640 containing 5 ,ug of polymyxin B per ml and counted. Cell suspensions were adjusted to give 2 x 106 per ml in the same medium and 0.5-ml volumes were dispensed into wells 
RESULTS
The set of experiments summarized in Fig. 1 mg/kg of body weight was found most protective, reducing mortality to 25%. A significant protective effect was still evident in animals treated with 25 and 5 mg/kg but not in those treated with a 1-mg/kg dose. TIhe efficacies of different schedules for administration of DHEA on protection from high-dose LPS were then compared. Pretreatment with DHEA (2 mg per mouse, approximately 100 mg/kg) given 4 h before challenge reduced mortality to 50% compared with 24% mortality if treatment was administered 5 min before LPS. No significant protection was observed when DHEA was given 2 h after the LPS (Fig. 2) .
To evaluate DHEA effect on TNF production, TNF levels were measured in the serum of mice given various doses of LPS (1, 10, or 100 &g per mouse). No TNF activity was detected in mice treated only with saline or with DHEA. LPS induced high TNF levels that were markedly reduced in DHEA-treated mice (2 mg per mouse, 5 min before LPS) in all three different dose groups. TNF levels in the serum 90 min after LPS administration in DHEA-treated and nontreated groups are shown in Fig. 3 . To examine whether DHEA would block TNF production in vitro, peritoneal cells were stimulated by LPS. Pretreatment with DHEA significantly suppressed TNF production (Table 1) .
To determine whether DHEA can protect animals from TNF-mediated toxicity, we employed the TNF/D-Gal septic shock model. In this model mice were sensitized with D-Gal and challenged with exogenous TNF. DHEA given 1 h before challenge significantly delayed the time of death and reduced the overall mortality rate from 89 to 55% (Fig. 4) .
To investigate whether DHEA would intervene only in LPS-induced phenomena that are mediated by TNF, we measured levels of CS in serum after LPS challenge. CS levels after LPS were sharply raised and were still high at 5 h postchallenge. DHEA CS levels at 90 min after LPS, but no significant difference was observed at 5 h after challenge (Fig. 5) .
DISCUSSION
The present experiments indicate that DHEA protects mice from death in various endotoxic shock models. We suggest three different possible sites of action for the involvement of DHEA in endotoxic shock.
TNF levels in serum following LPS challenge were significantly reduced in DHEA-treated mice. Reduced TNF response to LPS following DHEA treatment was also observed in vitro by using murine peritoneal macrophages. TNF is considered to be a major proximal mediator of septic shock, a claim substantiated by the finding that passive immunization against TNF protects mice from the lethal effects of LPS (5). TNF is not a sole mediator of LPSinduced phenomena (32) but rather acts in conjunction with other cytokines, augmenting their activities (35) . Thus, our results may indicate that the protective effect of DHEA is accomplished by lowering TNF levels in the blood and preventing its deleterious cascade of events. The lack of positive effect in late administration of DHEA, after the release of TNF has occurred, further supports the view of suppression of TNF production as a mechanism of the protection offered by DHEA.
Beneficial effect was observed not only in LPS-challenged mice but also in those sensitized with D-Gal and challenged with a TNF, in a dose that is not lethal to unsensitized mice. In this model TNF toxicity is probably enhanced by the inhibition of hepatic enzymes and induction of hepatotoxic effect, similar to that observed following ischemia (16, 36) . Since in this model exogenous TNF is given, reduction of TNF production cannot by itself explain the protection obtained by DHEA, and we may assume that DHEA exerts its protective effect by abrogating effects in the endotoxic shock cascade which are mediated by TNF. As mentioned already, endotoxic shock is mediated not
Qnly by TNF. In a recent work that studied inhibition of LPS-induced phenomena by using TNF antibodies, it was suggested that LPS-induced CS production is mediated by a mechanism that does not involve TNF (32) . DHEA treatment partly suppressed the production of CS following LPS challenge. A significant difference in CS levels in the serum was observed at 90 min postchallenge but was abolished at 5 h. T'he difference probably indicates that DHEA action in endotoxemia is mediated not only by reducing TNF production or blocking TNF effects but also by modulating non-TNF-mediated LPS effects. Further studies are needed to explore DHEA effect on the production of other cytokines involved in septic shock, including interleukin-1 and interleukin-6. The beneficial effect of DHEA in mice subjected to the TNF-D-Gal shock model was more prominent in the first 16 h after challenge. As mentioned above, a short-term DHEA effect was also observed on CS production. It seems that there is more than one pathway for LPS toxicity and more than one site for DHEA to act. TNF release after LPS is of short duration and can be blocked by a single dose of DHEA. A multiple-dose regim,en of DHEA may block other effects, which are probably of longer duration.
DHEA is a natural adrenocortical androgenic steroid which has effects similar to that of GC on protection from LPS toxicity and on TNF production. On the basis of these, one could assume that DHEA immunomodulating activity is similar to that of GC or that it acts by inducing the production of GC. However, multiple data have shown that DHEA actually reverses the effects of GC on various components of the immune system with inhibition of GC immunosuppressive effects (2, 6, 17, 19, 23) . Furthermore, DHEA probably does not act by inducing the production of GC, since reduced levels of CS, the most abundant natural GC in mice, were observed in DHEA-treated mice. The major metabolites of DHEA (androstenedione, testosterone, and estradiol-17p) do not,hold the immunomodulating properties of either GC or DHEA (19, 34) and cannot be held responsible for the protective effects observed. Thus, DHEA seems to hold both immunosuppressive and immunoenhancing properties. Considering previous studies and its abundance in the plasma, the present study just adds to the confusion regarding DHEA's role in physiologic and pathologic states. Regelson et al. have reviewed DHEA's profound effects on a wide variety of physiologic and pathophysiologic events and suggested that it acts as a "buffer hormone," a hormone that demonstrates its presence during physiologic change in response to stress or injury to ensure homeostasis (27) .
A property which is common to TNF and DHEA is the inhibition of differentiation of 3T3-L1 fibroblast clones to adipocytes (14, 30 ). An effect opposite to that is induced by dexamethasone (14) . The tnetabolic significance of this is not yet clear, but it seems that the findings that DHEA reduce TNF production and block its effect are only one side of a more complex relation between DHEA and the host response.
Low levels of DHEA were found in AIDS patients (31) . Recent studies have shown that low DRIEA levels can independently predict disease progression of HIV infection to AIDS, and it was suggested that DHEA may have a therapeutic value in HIV patients (13) . On the basis of our data we suggest a possible mechanism for DHEA involvement in HIV patients and a rationale for treatment: expression of HIV can be activated by TNF (7, 25) . Elevated levels of serum TNF have been observed in AIDS patients and were presumed to worsen prognosis (15, 21) . If, indeed, TNF is involved in the pathogenesis of HIV infection, DHEA may have a beneficial role in HIV patients that is mediated by suppression of TNF production and toxicity.
DHEA was administered to humans and mammals in high doses with only minor adverse effects, and it is devoid of the harmful immunosuppressive effects of GC (37) . Its efficacy in the protection from endotoxemic shock as well as in protection from lethal viral infections warrants further investigations on its mechanisms of action, its activities on the immune system, and on the possibility of treating various infections and other pathologic states of the immune system with DHEA.
